This pa per in di cates 21 pos si ble tasks for the cal cu la tion of heat exchangers and spec i fies in par tic u lar the pro ce dure for de ter min ing heat exchanger op er at ing point. Fea tures of heat exchanger en ergy mi cro-bal ance are con tained in its math
In tro duc tion
Within tra di tional as sump tions for the cal cu la tion of heat exchangers [1] , a se ries of task may oc cur de pend ing on pri mary data which are known for a given heat exchanger.
Thus, for ex am ple, Bosnjakovic [2] clas si fies ba sic tasks of heat exchangers cal cu lations into seven groups whereas, Novikov et al. [3] and Levin et al. [4] in di cate that to tally 21 prob lems can be grouped into six types of tasks. It is nat u ral to keep the di vi sion of to tally 21 tasks as it di rectly fol lows from pos si ble com bi na tions of two un knowns each in a set of seven start ing val ues rel e vant for de ter min ing the op er at ing point. Gvozdenac et al. [5] , Ba~li} [6] , and Shah et al. [7] spec i fied re view of all known 21 pos si ble prob lems. Also, they pre cisely de fine tra di tional as sump tions for the cal cu la tion of heat exchanger and pro ce dur ally in di cate specificities of cal cu la tions for cer tain tasks.
Al though there are many pa pers which deal with cal cu la tions for var i ous types of heat exchangers, only few sys tem at i cally an a lyze all pos si ble types of prob lems which can oc cur in prac tice. This pa per pro vides sys tem atic ap proach for re solv ing all 21 de fined types of tasks. Two of all these tasks are par tic u larly an a lyzed. Those are tasks in which un knowns are fluid stream heat ca pac ity rate of one fluid stream and in let tem per a ture of the other fluid stream. In these cases, two non-triv ial so lu tions, one or none for given data can ap pear. This be hav ior of a heat exchanger oc curs only in case of those heat exchangers which have in their flow ar rangement coun ter or cross flow com po nent, ir re spec tive of the fact how com pli cated they are. In case of pure par al lel flow there are no two non-triv ial so lu tions.
The soft ware pack age based on pro ce dures pre sented in this pa per is given in [8] .
Prob lem def i ni tion
At the be gin ning of the anal y sis, it is nat u ral to dis tin guish hot and cold fluid streams which are des ig nated with (h) and (c), re spec tively.
The first law of ther mo dy namic is to be sat is fied in any exchanger de sign pro ce dure both at macro and mi cro lev els. The over all en ergy bal ance for any two-fluid heat exchanger is in ex plicit form as [5, 6] : 
This equa tion cer tainly sat is fies the macro en ergy bal ance un der the as sump tions usual for the ba sic de sign the ory of heat exchangers [1] . The main as sump tions as sume that over all heat trans fer co ef fi cient (U) and iso baric spe cific heat of flu ids (c p ) are con stant. Next im por tant as sump tions are that heat losses are neg li gi ble and flow rates of flu ids are con stant. How ever, it is of ten not very ob vi ous that the e-NTU-w re la tion in gen eral form:
is the state ment ex press ing the mi cro en ergy bal ance for the par tic u lar two-fluid heat exchanger un der the same as sump tions. This par tic u lar ity is due to the unique ness of the so lu tion of the gov ern ing dif fer en tial equa tions and bound ary con di tions for a par tic u lar flow ar range ment. These dif fer en tial equa tions, de scrib ing the fluid-tem per a ture fields in the heat exchanger core are the state ments of mi cro en ergy bal ances for an ar bi trary dif fer en tial con trol vol ume of that par tic u lar core. The bound ary con di tions spec ify where the flu ids at tem per a tures T h in and T c in en ter the core in a par tic u lar flow ar range ment. The so lu tion of such a math e mat i cal model, which in tro duces the over all heat trans fer co ef fi cient U and the to tal heat trans fer sur face A, gath ered in the over all con duc tance UA, en ables the eval u a tion of both fluid out let tem per a tures (T h out and T c out ) for the par tic u lar flow ar range ment. Due to the sim pli fy ing clas si cal as sumptions un der ly ing the the ory, the math e mat i cal model is lin ear and trac ta ble by avail able meth ods of cal cu lus. This means that the ef fec tive ness re la tion ship of eq. (2) can be de rived for any heat exchanger no mat ter how com pli cated the flow ar range ment is. This fact makes the e-NTU-w method uni ver sal. This method will be used con se quently in this pa per. The in ten tion of this paper is not to polemize about other meth ods used [7] . The second im por tant fea ture of the e-NTU-w method is the ther mo dy namic sig nif icance of the dimensionless groups ap pear ing in the anal y sis. They are: (1) heat ca pac ity rate ratio, (2) num ber of trans fer units, and (3) heat exchanger ef fec tive ness.
The fluid heat ca pac ity rate ra tio is de fined as:
In this equa tion, W min. means lower heat ca pac ity of two streams (W min. = min.(W h , W c ). Sim ply, the ra tio of smaller and larger heat ca pac ity rates for two fluid streams is in closed range [0, 1] and rep re sents the dimensionless group suit able for un der stand ing over all fluid tem per ature changes. The con di tion w = 0 in di cates the ten dency of the strong stream to wards the isother mal change, while w = 1, the trend of each stream to un dergo the same tem per a ture change from the exchanger's in let to out let (bal anced streams).
Sim i larly, ther mo dy namic rea son ing can be as so ci ated with the sec ond dimensionless group, the num ber of heat trans fer units:
It is the ra tio of over all con duc tance UA and smaller heat ca pac ity rate (W min. ). The range 0 £ NTU < 4 in prac tice has fi nite up per limit, but ther mo dy nam i cally speak ing, the higher NTU (higher over all con duc tance and smaller W min. ) the smaller lo cal tem per a ture dif fer ences across the heat trans fer sur face area and con se quently lower ir re vers ibil ity. This means that better heat exchanger flow ar range ments must have higher monotonically in creas ing ef fec tiveness with NTU.
The ef fec tive ness (e) of any two-fluid heat exchanger is es sen tially dimensionless measure of the heat quan tity which is ac tu ally trans ferred be tween two streams nor mal ized with max i mum pos si ble fluid enthalpy change in the sys tem. This hy po thet i cal quan tity of heat can be seen as the enthalpy change of the weak stream (stream with lower heat ca pac ity) un der go ing the max i mum pos si ble tem per a ture change (T h in -T c in ) with out any losses. The heat exchanger ef fec tive ness is then sim ply de fined as:
and it is a unique mea sure of its ther mal per for mance. Unique ness in this con text means that the same ef fec tive ness is ob tained by writ ing Q act ei ther in terms of hot fluid pa ram e ters or in terms of cold fluid pa ram e ters. The ef fec tive ness is to be ob tained from the so lu tion of the math e mat i cal model mentioned above and will, thus, de pend on two dimensionless groups which are the heat exchanger pa ram e ters NTU and w.
The op er at ing point of an exchanger is the set of e, NTU, and w val ues that iden tically sat isfy both its macro and mi cro en ergy bal ance. The flow ar range ment as an ar gu ment of the e-NTU-w re la tion makes the heat exchanger op er at ing point unique for the par tic u lar flow ar range ment. Dif fer ent flow ar range ment has dif fer ent op er at ing points even for the same val ues of two ar bi trarily cho sen out of three cor re spond ing pa ram e ters (e, NTU, and w ). If this is not the case, the flow ar range ments are said to be equiv a lent.
In prac tice, a de signer is faced with the prob lem of seven phys i cal en ti ties (for a specific flow ar range ment and for 0 < w £ 1) that have to sat isfy just two equa tions, namely eqs. (1) and (2) . These equa tions state an un am big u ous re la tion of the type:
For an ar bi trary, but spec i fied flow ar range ment, any five of seven vari ables must be known for heat exchanger op er at ing point de ter mi na tion. De pend ing on the com bi na tion of two un knowns that have to be de ter mined in or der to sat isfy eqs. (1) and (2), there are 21 = 7 5 pos si ble prob lems for de ter min ing heat exchanger op er at ing point. They are shown in tab. 1 clas si fied in six groups.
It can be stated that data on mass flow rates and fluid types are in cluded in W i = (mc p ) i (i = h, c) or so cold strongness of fluid streams. Units of these heat ca pac i ties are the same as for UA [WK -1 ] . Dimensionless heat exchanger groups: NTU and w are com bi na tions of these dimen sion val ues. As over all heat trans fer co ef fi cient (U) can be de fined in de pend ently of the size of heat trans fer sur face area (A), com plex UA has not to be di vided into con stit u ents. But, complexes W i have dif fer ent na ture. Known W i as sumes that both mass flow rate (m i ) and iso baric spe cific heat of fluid (c p i ) are known. If one of these two val ues is not known, this means that heat ca pac ity is not known. In this pa per we are us ing only fluid heat ca pac ity (W i ).
By de fin ing all seven ba sic heat exchanger pa ram e ters ac cord ing to the en ergy balance, it is pos si ble to de fine the heat exchanger op er at ing point (HEOP).
The siz ing prob lems in groups I and II, and the rat ing prob lems in groups III and IV can readily be rec og nized. How ever, the prob lems in groups V and VI may be termed as the regime prob lems [5] [6] [7] . They are most dif fi cult to solve be cause there is no pos si bil ity to iden tify fluid streams ac cord ing to their rel a tive strongness and eqs. (1) and (2) must be treated and resolved si mul ta neously based upon a guess made for the W min. stream. Also, prob lems 14-17, 19, and 21 al ways have one so lu tion, but prob lems 18 and 20 have two or one non-triv ial so lu tions or none.
It should be noted that in all tasks (groups V and VI), ex cept tasks 18 and 20, it is pos sible to de ter mine heat flow rate with out de ter mi na tion of two un known vari ables. Prac ti cally, this means that in all tasks, ex cept in tasks (18) and (20), the heat flow rate is also given and the prob lem of de ter min ing op er at ing point is re duced to one un known value. The tasks 18 and 20 are spe cific be cause two in de pend ent equa tions have to be re solved si mul ta neously and therefore, it is pos si ble to ob tain two, one, or none so lu tions.
In the case when w = 0, there are two spe cial types of heat exchangers named con densers and evap o ra tors. The re main ing are only five vari ables and known flow ar range ment and to - Prob lem no. tal num ber of tasks is, thus, equal to 10 = 5 3 . Five of them be long to con dens ers and five to evap ora tors. Ef fec tive ness of any flow ar range ment of evap o ra tors and con dens ers is:
Ba sic re la tions cov er ing all 21 tasks
In the in dex of vari ables given in tab. 1, there are let ters 'h' and 'c' stand ing for 'hot' and 'cold' fluid, re spec tively. How ever, for the cal cu la tion that fol lows, it is cru cial to make a dis tinc tion only be tween weaker and stron ger fluid streams. The fluid stream in which the product of mass flow and iso baric spe cific heat is smaller (weaker fluid) will be des ig nated as min., and the other one with max. All ba sic re la tions that fol low are writ ten rec og niz ing only flu ids accord ing to which one is min. and which one is max.
If ef fec tive ness, heat ca pac ity rate ra tio and two or three in let-out let tem per a tures are known, un known tem per a ture can be cal cu lated us ing one of the fol low ing equa tions: If any three of four in put-out put fluid tem per a tures (T min. in , T min.out , T max.in , and T max.out ) and heat ca pac ity rate ra tio (w) are known, heat exchanger ef fec tive ness can be cal cu lated us ing one of the fol low ing equa tions: 
In the case when three in put-out put fluid tem per a tures and heat exchanger ef fec tiveness are known, the heat capacity rate ra tio can be found us ing one of the fol low ing equa tions: 
Heat ca pac ity rate ra tio can not be found with out know ing T max.out (for this group of prob lems).
Heat exchanger heat flow rate (Q) can be de ter mined us ing the fol low ing re la tions: 
Mean fluid tem per a tures are im por tant for de ter min ing thermo-phys i cal prop er ties of flu ids. They can be de ter mined in a dif fer ent way, for ex am ple, as mean in te gral tem per a tures [6, 7] .
Heat flow rate of heat exchanger can be cal cu lated by us ing one of the fol low ing equations: 
Pro ce dures for re solv ing prob lem tasks per cer tain groups

Group I (siz ing prob lems)
As heat ca pac i ties of both fluid streams are known, it is pos si ble to des ig nate fluid streams as min. and max. (weak and strong) and cal cu late heat ca pac ity rate ra tio. The ef fec tiveness is cal cu lated by us ing one of eqs. (12)-(15). In the next step, the num ber of trans fer units (eq. 4) is de ter mined and then un known tem per a tures us ing one of eqs. (8)
-(11).
The size of over all exchanger is given by the prod uct (UA) which can now be eas ily found (= NTU W min. ). The heat flow rate is cal cu lated from one of eqs.
(19)-(21) and (25)-(30).
Fi nally, it is nec es sary to de fine mean fluid tem per a tures and their spe cific heats. With known spe cific heats, mass flow rates can be cal cu lated.
In the case when fluid mass flow rates are given, spe cific heats have to be as sumed, fluid heat ca pac i ties cal cu lated and whole cal cu la tion per formed. On the end, the spe cific heats are cal cu lated and if there are sig nif i cant de vi a tions be tween as sumed and cal cu lated spe cific heats, the cal cu la tion has to be re peated.
Group II (siz ing prob lems)
In this group of tasks, all four tem per a tures are known. By us ing the eq. (1), it is pos sible to cal cu late heat ca pac ity rate ra tio in such a way to sat isfy the con di tion w £ 1. Ac cord ingly, it is pos si ble to des ig nate fluid stream which car ries the mark min. and which car ries the mark max. and by so do ing def i nitely des ig nate fluid streams.
The ef fec tive ness of heat exchanger can be cal cu lated us ing eq. (15). Num ber of heat trans fer units is cal cu lated us ing eq. (4). Iso baric spe cific heat of flu ids is cal cu lated for cor respond ing ref er ent tem per a tures. 
Group III (rat ing prob lems)
There is only one prob lem here. The cal cu la tion is com pletely iden ti cal with pre vi ous one up to the mo ment when it is nec es sary to de ter mine mass flow rate. Here, mass flow rates are equal to:
min.
max.
Group IV (rat ing prob lems)
Des ig na tion of fluid stream strongness can be sim ply done if spe cific heats of flu ids are known. If strongnesses are ap prox i mately equal and when spe cific heats are sub stan tially changed with tem per a ture of flu ids, it may hap pen that fluid streams will have to be re-des ignated af ter cal cu la tions have been com pleted. This mostly re fers to tasks 8 and 13 when both inlet and out let tem per a tures of the same fluid are un known.
The cal cu la tion of heat ca pac ity rate ra tio and the num ber of heat trans fer units is performed in the same way as for pre vi ous groups of prob lems.
If w and NTU are known, the heat exchanger effectiveness is de ter mined from known re la tions for se lected heat exchanger.
Un known tem per a tures are de ter mined un der eqs. (8)- (11).
Group V and VI (re gime prob lems)
When the group V is in ques tion, from tab. 1, we can see that the heat flow rate can be di rectly de ter mined. This sim pli fies the prob lem and, as al ready ex plained, one un known is deter mined with out us ing the other one.
For the group of tasks VI it is nec es sary to point out to two im por tant facts. First, it is not pos si ble to des ig nate weak and strong stream ac cord ing to a cer tain cri te rion and sec ondly, for these tasks it is char ac ter is tic to per form si mul ta neous re solv ing of eqs. (1) and (2) . In the eq.
(1), one of be low re la tions is avail able:
, , ( flow arrangement unknown)
e w = ae
From eq. (2), the fol low ing re la tions can be ob tained:
we w e w
NTU NTU
De pend ing on the con crete task, it is nec es sary to use above equa tion in which the right side is known. If the right side of eqs. (37-40) is marked as K = const., the char ac ter is tic equa tion can be writ ten in the fol low ing way:
Those val ues of w for which the char ac ter is tic function is zero are so lu tions of the task. For tasks 19 and 21, the char ac ter is tic func tion is mo not o nously as cend ing but for tasks 18 and 20, this func tion has min i mum and two so lu tions may ap pear (fig. 1) ; one so lu tions (when ab scissa is tangented) and none so lu tion when F > 0 in the whole in ter val 0 £ W < 4. The ex am ple in fig. 1 re fers to the coun ter flow heat exchanger where given data are: UA = = 4.57 kW/K, W h = 3.00 kW/K, T h in = 105.1 °C, T c in = 15.0 °C, and T c out = 54.4 °C (task 19). In fig. 1 , it is clear that the so lu tion is W c = 4.575 kW/K. The un known out let tem per a ture of hot fluid is T h out = 45 °C (one of eq. 9). How ever, for the same exchanger but for the task 18, in case of un known in let tem per a ture of hot fluid (T h in = ?) and known out let tem per a ture of the same fluid T h out = 45 °C, there are two real so lu tions for the heat ca pac ity of cold fluid: W c 1 = = 4.575 kW/K, the same as in the task 19 and W c 2 = 0.736 kW/K. In the first case, it is ob tained that the value of un known tem per a ture T h in = 105.1 °C and in the sec ond case, 54.7. Of course, if this last tem per a ture in the task 19 is taken as known, a com pletely new so lu tion will be obtained for this task.
Very sim i lar anal y sis can be car ried out for tasks 20 and 21 ( fig. 1) .
In fig. 2 , con crete ex am ple is pre sented (coun ter flow heat exchanger) for four dif fer ent val ues of W h (2.0; 3.0; 4.408, and 6.0) when re solv ing the prob lem 18. Other pa ram e ters are given in the fig ure it self. The ab scissa pro vides all pos si ble val ues for heat ca pac ity rate ratio and the or di nate pro vides val ues for char ac ter is tic functions. As in this task W c is not known and W h is known, it is nec es sary to in ves ti gate val ues The cal cu la tion re sults for this ex am ple are pre sented in tab. 2.
For task 20, the cal cu la tion pro ce dure is sim i lar and it is not nec es sary to be es pe cially an a lyzed.
If the cal cu la tion for the task 18 is car ried out for par allel flow heat exchanger of the same size and sim i lar in put data only one so lu tion is obtained ( fig. 3) . Here, only hot fluid out let tem per a ture is higher than in the pre vi ous case. This is phys i cal lim i tation of par al lel flow heat exchanger or T h out > T c out . The cal cu la tion re sults for this ex am ple are pre sented in tab. 3.
The cal cu la tion for task 18 will be pre sented in the case of cross flow (both flu ids unmixed). In this case, as well as in the case of coun ter flow heat exchanger, it is pos si ble to ob tain two so lu tions, one or none. The re sults of this cal cu la tion and rel e vant in put data and cal cu la tion re sults are pre sented in fig. 4 and in tab. 4. Such a be hav ior of dif fer ent flow ar range ments of heat exchanger can be ex plained in na ture over mi cro en ergy bal ance, the re sult ing gov ern ing dif fer en tial equa tions for dif fer ent flow ar range ments and dif fer ent bound ary con di tions. Typ i cal case of coun ter flow ar range ment is when bound ary con di tions of one fluid are given for one end of the heat exchanger and the other for the other end. It is sim i lar for cross flow, but not for par al lel flow. For it, bound ary condi tions are given from the same end of the heat exchanger. The same ap plies to com plex multi-pass flow ar range ments where flu ids flow in counter or cross di rec tions. In that flow ar range ments two, one or none so lu tions can be ex pected for tasks 18 and 20.
Conclusions
The cal cu la tion of heat exchangers for all pos si ble 21 cases is pre sented in a sys tem atic way. In so do ing, usual as sump tions for the anal y sis of heat exchangers are used [1] . The presented cal cu la tion pro ce dures are very sim ple and suit able for the prep a ra tion of own soft ware which can also be used in com plex cal cu la tions for the net work of heat exchangers. Two of the 21 tasks are par tic u larly in ter est ing and an a lyzed in de tails as they can pro duce two, one or none so lu tions. These are the tasks 18 and 20 in tab. 1.
The cal cu la tions are per formed for heat ca pac ity of both flu ids and mass flow rate of flu ids is not spe cially con sid ered. As mass flow rates are usu ally known (or found in cal cu lations), it is nec es sary to as sume mean fluid tem per a tures and de ter mine mean spe cific heats and cal cu late heat ca pac i ties. Upon the com ple tion of cal cu la tions, fi nal val ues of spe cific heat of the flu ids are de ter mined and mass flow rates cal cu lated for con crete flu ids and, if nec es sary, the cal cu la tion is re peated de pend ing on de vi a tions be tween as sumed and cal cu lated val ues. 
No men cla ture
